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Introduction
One of the main physics goals of the CMS detector at LHC is the search for the Higgs boson. In the mass range around 125 GeV the decay H → γγ is of particular interest because of its clean final state. This mode however requires a very good energy resolution for the electromagnetic calorimeter to take advantage of the expected narrow decay width of the Higgs boson in this mass range. To fulfil this requirement, the CMS experiment features a high resolution crystal calorimeter utilizing 80000 lead tungstate (PWO) crystals 1 . Extensive RD efforts lead to the development of radiation hard lead tungstate crystals 2 . These crystals do experience only a very slight, dose-rate dependent decrease of their transparency under irradiation which recovers to a large extend in irradiaton free periods. In CMS, the variation of the crystal transparency under irradiation and the corresponding decrease in light output of the crystals will be monitored with a high precision light monitoring system. In this paper we describe the experience with the final design laser source for this monitoring system in the test beam at CERN, operating on a close to final design CMS ECAL barrel module.
2. The CMS ECAL monitoring system at the CERN H4 test beam area.
The CMS ECAL monitoring system consists of a laser based light source (LS) 4 , shown in Figure 1 , and a light distribution system (LDS) which distributes the light to the individual PWO crystals, which are read out by avalanche photo diodes (APD), and to reference PN diodes. The light source has to meet a number of performance parameters to ensure a precise monitoring of the radiation damage in the PWO crystals. Laboratory test have shown that the radiation induced absorption can be measured with best linearity and adequat sensitivity at a wavelength of 440 nm (blue) 3 , close to the maximum of the PWO emission spectrum. This wavelength has therefore been chosen as the primary monitoring wavelength. As a systematic cross check light at 495 nm (green) can be used. The radiation induced loss of transparency is mostly restricted to wavelength below 700 nm. Thus, light at longer wavelength can be used to monitor the entire chain from the LDS to the crystals, the APDs and the electronics. For this purpose light at 700 nm (red) and 800 nm (infrared) is provided. The laser light is pulsed with a pulse width of less than 40 ns to match the shaping time of the electronics. The light intensity has to be around 1 mJ per pulse to have sufficient light injected into the LDS to probe a large portion of dynamic range of the ECAL up to the equivalent of 1 TeV, taking into account all losses of the LDS. In CMS sets of up to 1700 crystals, corresponding to the structural sub-unit of the barrel part of the ECAL called supermodule, will be illuminated by individual laser pulses simultaneously. The pulse to pulse energy fluctuation should be less than 10 % to minimize possible non-linear effects in the ratio of the signal from the APDs and PN diodes. The time jitter of each pulse is less than 3 ns to ensure precise timing with respect to the LHC bunch crossings, spaced 25 ns apart. It was decided to use a two stage laser system for this task. A YLF:Nd pump laser which drives a Ti:S laser, providing blue and green light and an independent second system, also a YLF:Nd pumped Ti:S laser, which provides red and infrared light. The wavelength for each system can be selected with a movable birefringent filter inside the Ti:S laser. The selection of red and blue system is done via an optical 2x1 switch. The choice between the subsets of ECAL modules to be illuminated will be done with an 1x80 optical switch. This entire system is currently installed in its final design at the H4 test beam area at CERN 6 . The experimental area at CERN is equipped with a temperature stabilized experimental hall which houses a movable table onto which ECAL supermodules can be installed and positioned in the beam with a precision of better than 1 mm. The air temperature in the hall is stable to approximately ±0.5 C o . In 2003 a final design bare supermodule with close to final design electronics was tested for several month in the beam. The crystals and the APDs of the supermodule are temperature stabilized with a precision water cooling system to approximately 0.01 C o . The laser systems as well as the 1x2 and the 1x80 optical switches are housed in a separate barrack to ensure a stable and clean environment. The laser pulses are sent via an optical fibre to the ECAL supermodule. The entire setup, including the fibre length from the laser barracks to the ECAL module, mimics the environmental conditions envisioned for the final installation in the CMS underground cavern.
The Performance of the Laser Source in the 2003 Test
Beam.
In the 2003, a variety of tests were performed on the ECAL module such as energy and position resolution determination 5 , long term stability of the ECAL and irradiation test using electron and pion beams to induce radiation damage. Throughout the entire period, the laser system was used to monitor the ECAL module and measure the radiation damage, in total more of 1200 hours of operation. During this period the laser system exceeded its design performance by a significant margin. To quantify the short term performance we quote the spread of the pulse energy, pulse width and pulse timing distribution over a period of 30 minutes, the time it will take to scan all crystals on the full ECAL in CMS during LHC operation. We quote a medium term stability over a period of 25 hours, about two times the duration of a LHC run, which will last about 12 hours and is referred to as one LHC cycle. For the long term stability we quote the mean pulse energy degradation per day. This long term stability is mainly driven by the degradation of the pump lamp of the YLF:Nd laser which has a lifetime of 1000 hours. A significant increase in the long term pulse degradation can also indicate damages in the optical components of the laser system. The short term stability is driven by the laser system design, the medium term stability by the laser barrack environment. The performance achieved in 2003 are summarized in Table 1 . Figure 2. Typical spectra for the normalized pulse width for all four wavelength (left and centre left), the pulse width (centre right) and the pulse jitter for 440 nm and 800 nm (right).
As can be seen from the values in the table and the spectra in Figure 2 the performance in terms of the pulse stability is very similar for the 440 nm and the 800 nm setting of the corresponding laser systems. For the pulse width and the pulse jitter, the 440 nm laser performs slightly better than the 800 nm system while the 495 nm and the 700 nm, both corresponding to a higher harmonic mode of the respective laser cavities, are slightly less performant because they are off the emission spectrum peak of Ti:S. During the beam test monitoring data has been recorded with the 440 nm and the 800 nm laser throughout the entire test period, while data with 495 nm and 700 nm has only been recorded for a limited period of time to study systematic effects. In Figure 3 the long term trend of the mean laser pulse energy is shown, illustrating the slow decrease of the 440 nm system as expected due to the pump lamp degradation. The 800 nm system shows a much slower decrease because it is operated at a lower pump current. This is of particular interest for studying the stability of the ECAL. Int(NORM) Figure 3 . The long term stability of the 440 nm and the 800 nm laser system over a period of 400 hours.
Examples of Monitoring Performance of the CMS ECAL.
As shown above the performance of the laser source exceeded the design performance by a significant margin. This allowed a detailed testing of the higher level monitoring system and the monitoring procedure of the radiation induced transparency loss of the crystals itself. In Figure: 4 we show a comparison of the mean laser pulse height at 800 nm recorded by the laser source internal monitor, compared to the mean response of one ECAL channel over a period of 120 hours. Both data sets have not been corrected off line in any way. As can be seen from the plot the two curves track each other within a few tenth of a percent which shows that the entire light distribution system and the ECAL module itself, including the lower level light distribution system inside the laser barracks, is very stable over many LHC cycles. This offers the possibility to use the laser internal monitoring system as a cross check independent of the entire ECAL installation. This is of particular interest since the laser system will not be located in the main CMS cavern but in the adjacent electronics cavern, thus having very different environmental conditions, in particular much lower radiation levels. It should be pointed out that in the CMS ECAL only the ratio between the signals of the APDs and the PN reference diodes are used to track the radiation damage. This ratio is stable to better than 0.1 %. One of the main goals of the test beam was to prove the feasibility of the radiation damage monitoring with the desired precision. This was done by irradiating crystals in a high energy electron beam with dose rates similar to the ones expected in CMS. During the irradiation the crystals are calibrated with the electron beam in regular time intervals, followed by laser monitoring runs. The loss in the electron beam signal response can then be correlated with the loss in the signal response to laser shots, which is shown in Figure 5 . The plot exhibits a clear linear relationship. The relative loss in the laser response can thus be used to correct the observed reduction of the electron signal response. It is not foreseen to measure the parameter α, which characterizes the correction function, for each crystal of the CMS ECAL.
As can be seen in Figure 6 the spread of α was measured to be 6.3 % in a sample of 19 crystals, which is sufficient for the average signal loss for CMS-like radiation environment which is expected to be around 5 %. The change in the ECAL response during normal LHC operation might however be smaller than this since the recovery time of the crystals is longer than one LHC cycle.
Summary.
The final design laser source for the CMS ECAL monitoring system has been operated in the test beam at CERN for more than 1200 hours in 2003. It has exceeded its design performance in terms of stability by a significant margin. The precise tracking of radiation induced transparency loss in a PWO crystal calorimeter with a laser based monitoring system has been proven to work in the test beam. 
